Failure of neoplastic cells to respond to conventional chemotherapy is usually associated with factors that limit access of drugs to subcellular sites, differences in cell-cycle kinetics or mutations leading to loss of drug-activation pathways or other processes that govern response factors. For PDT, efficacy depends mainly on selective uptake of photosensitizers by neoplastic cells, oxygenation levels, the suitable direction of irradiation and the availability of pathways to cell death that are highly conserved among mammalian cell types. While it is possible to engineer PDT-resistant cell types, current evidence suggests that the major obstacles to cancer control relate to drug, light and oxygen distribution. This review discusses some of the factors that can govern PDT-induced cell death.
One of the major obstacles to the chemotherapy of cancer is the development of 'resistance' to whatever protocol is being employed. We are asking the malignant cell population to be more responsive to therapy than are the normal host cells from which cancer arose. This result can sometimes be achieved, but the pathways involved vary widely. In the treatment of childhood leukemia, advantage is taken of the relatively large number of leukemic cells in the S phase of the cell cycle at any given time. These leukemic cells are selectively targeted by drugs that antagonize DNA synthesis, e.g., the antifols. 1 Resistance develops when a population of malignant cells arises that exhibit impaired drug accumulation, high levels of a target enzyme, enzyme deletions or turn on alternative pathways that prevent death. Since normal host cells do not mutate, host toxicity is never lost.
Some of the newer forms of chemotherapy take advantage of pathways elicited by malignant cells to permit uncontrolled growth. There are a variety of tyrosine kinases whose inhibition can markedly retard tumor proliferation. 2 Once again, clones of malignant cells can develop routes to proliferation that bypass blockages. Photodynamic therapy appears to be relatively free from development of these 'classic' routes to drug resistance. In a recent review on this topic, 3 several mechanisms were proposed as possible routes to PDT resistance: impaired uptake or accelerated loss of photosensitizers, altered intracellular sensitizer distribution, decreased activation (presumably meaning insufficient light, oxygen or both) and increased inactivation (which can mean anything from photobleaching to quenching of ROS by intracellular scavengers). How significant these factors are in clinical PDT responses is not entirely clear. The most common factors that contribute to incomplete PDT responses appear to be inadequate light distribution and hypoxia.
While these various processes might be demonstrated in cell-culture systems where it is possible to create PDT-resistant' cell lines by long-term periodic exposure to sub-lethal PDT doses, 4, 5 clinical examples of such phenomena are rarely reported. Successes in the use of PDT for cancer control relate to the ability of reactive oxygen (and sometimes nitrogen) species to kill most cell types. Selectivity is governed by the preferential accumulation of the photosensitizer by malignant cell types together with the requirement for light. 6 The latter can be directed away from organs, e.g., adrenals, pituitary gland, liver and spleen that tend to nonspecifically accumulate photosensitizers.
The ability of a relatively weak photon flux to successfully bring about cell death was at first puzzling. The power level required is far below what is needed for ablative therapy, e.g., with a carbon dioxide laser. Based on complex affinity relationships, the useful photosensitizing agents selectively partition to sites within cells where oxidative photodamage is especially lethal. The routes to cell death are obviously widely-conserved since PDT appeared to be effective against a wide variety of malignant cell types, assuming that sufficient levels of drug, light and oxygen are provided.
We now know that the most effective photosensitizing agents tend to localize in mitochondria, the ER or lysosomes, where irradiation brings about the initiation of apoptosis. 7 This widely-conserved process irreversibly leads to cell death. 8 Moreover, the process is autocatalytic, requiring release of only low levels of at trigger, e.g., cytochrome c, for its initiation. 9 Since cytochrome c is a mitochondrial protein, it is not surprising that one example of PDT resistance involved the formation of 'dense' mitochondria. 10 Other possible sources of resistance might be presence of high levels of quenchers of reactive oxygen species (ROS), e.g., glutathione. Highly-pigmented tumors will also tend to be resistant, since light penetration will be thereby limited.
As cells die, a series of events will occur as a response to apoptosis and other phenomena associated with cell death. The activation of executioner caspases during the process of apoptosis is known to result in the rapid activation of a large number of other enzymes and signaling pathways. 11 All of this is downstream from the initial trigger for apoptosis, whatever that might be. Autophagy has been identified as an early response to photodamage. This is a process whereby cellular organelles and other components are engulfed by membranes that then fuse with lysosomes. The subsequent release of lysosomal proteases results in the contents of the autophagosome being degraded and recycled. Since autophagy is often cytoprotective, 12,13 a mechanism can be proposed whereby photodamaged mitochondria or ER are sequestered and recycled before they can trigger apoptosis. Cells with an intrinsic overexpression of the autophagic process may have an enhanced ability to circumvent phototoxicity
The first report on apoptosis as a factor in PDT-induced cell death was provided by Oleinick's group. 14 The field had advanced to the point that an electron microscope was no longer needed to detect apoptotic cells. Cleavage of DNA by endonucleases leads to a DNA fragmentation pattern that can be observed using gel electrophoresis. An explanation of the initiation of apoptosis after photodamage was provided when it was noted that one target for PDT was the anti-apoptotic protein Bcl-2. 15 This protein was altered by photodamage, leaving pro-apoptotic proteins, e.g., Bad and Bax, unaffected and thereby capable of initiating apoptosis without interference. Oleinick's group later discovered that the interaction between PDT and Bcl-2 led to inactivation of this protein via formation of high molecular-weight polymers. 16 The loss of functional Bcl-2 removes an inhibitory control on apoptosis and can also activate autophagy. 17 Since Bcl-2 is found in both mitochondria and the ER, photodamage to the protein at either site can promote an apoptotic response. Cytochrome c, a trigger for apoptosis, is located in mitochondria and its release after mitochondrial photodamage is another efficient method for initiation of the apoptotic process. It is interesting to note that mutations leading to altered Bcl-2 levels are not necessarily correlated with PDT-resistance. Responses can be positively or negatively correlated with Bcl-2 content of malignant cell types. 18, 19 The route from lysosomal photodamage to apoptosis is less direct. When the level of lysosomal photodamage is sufficient to alter membrane permeability to large molecules, one result is the release of proteases into the cytoplasm. These proteases can then bring about cleavage of the pro-apoptotic protein Bid to form a 'truncated' protein termed t-Bid. 20, 21 This, in turn, interacts with the mitochondrial membrane so as to promote release of cytochrome c, and the inevitable triggering of apoptosis. Lesser levels of photodamage can result in a temporary loss of the pH gradient required to keep the lysosomal pH at a lower value than predominates in the cytoplasm, but this is reversible if the degree of photodamage is insufficient to cause protease release. 22 Important targets for photodamage leading to apoptotic death are therefore mitochondria, lysosomes or the ER. One study indicated that when the plasma membrane is also a PDT target, this leads to decreased photokilling. 23 The photosensitizer utilized was found to migrate to the cytoplasm during irradiation and cause photodamage to elements of the apoptotic process. It is interesting to note that, of the photosensitizing agents currently showing evidence of clinical efficacy, the plasma membrane is seldom if ever a primary target. A diagram outlining these various death pathways is provided in Fig. 1 . The ability of autophagy to protect cells from photokilling is shown in 2. Wild-type 1c1c7 murine hepatoma cells and an ATG7 knockdown were photosensitized with benzoporphyrin derivative and irradiated with progressively greater light doses (690 nm). The 'shoulder' on the dose-response curve, representing the cytoprotective effect of autophagy is absent in the knockdown.
An autophagy-related protein termed ATG7 was found to be required for release of large molecules, i.e., proteases, from photodamaged lysosomes. 22 In the absence of ATG7, cells became much less responsive to lysosomal photodamage. This could provide a mechanism for PDT resistance in malignant cell types with reduced ATG7 expression. It must be remembered, however, that a major anti-tumor effect of PDT is associated with vascular shutdown and it is unknown whether ATG7 is involved in this phenomenon. Among the agents that target lysosomes are N-aspartyl chlorin e6, commonly known as NPe6, 24 and the palladium bacteriopheophorbide TOOKAD. 25 Both also exert an antitumor effect associated with vascular shutdown. Neither sensitizer can readily enter tumor cells, so the efficacy of these agents appears to depend almost solely on the vascular effect. Photosensitizers without these permeability problems, capable of creating lysosomal photodamage, may be expected to be less effective in cells with reduced ATG7 levels.
The role of different ROS in the efficacy of PDT continues to be explored. One potential problem is that studies involving cell culture are often carried out under atmospheric conditions, e.g., ~20% oxygen levels. Most in vivo systems operate at 5% O 2 and tumor loci may be <1%. 26 This can affect the ROS production required for phototoxicity. There have been few studies designed to assess the effect of low O 2 levels on PDT efficacy. In one series of experiments involving cell-free systems, it was found that the photochemistry of
• OH formation was more sensitive to hypoxia than 1 O 2 formation. 27 Whether or not this will translate into differences in in vivo efficacy remains to be determined.
We recently reported that low-dose lysosomal photodamage can markedly potentiate photokilling by a subsequent PDT dose directed at mitochondria. 28 This appears to be a synergistic phenomenon that is unrelated to the discovery that promotion of lysosomal permeability, e.g., by bafilomycin, can also promote PDF efficacy. 29 The latter effect is related to relocation of ferrous iron from permeabilized lysosomes to mitochondria where Fenton chemistry can produce the highly toxic OH radical from PDT-induced hydrogen peroxide in mitochondrial structures. While this approach may be effective in cell culture, the idea of poisoning every lysosome in the host in an effort to promote
• OH production in malignant tissues is not persuasive.
A more selective approach might therefore involve targeting lysosomes to photodamage using any of the currently-available photosensitizing agents that specifically localize in these organelles. The list of such agents includes the chlorin derivative N-aspartyl chlorin e6 (NPe6), a galactose derivative of the pyropheophorbide HPPH 30 and the phenothiazinium compound EtNBS.
31 NPe6, with 4 carboxyl substituents, is too polar to readily penetrate cells and is mainly effective for vascular shutdown, but high extracellular levels can be used in cell culture for lysosomal targeting. In this regard, Cincotta et al. reported a synergistic effect when murine tumors were sequentially photodamaged by EtNBS followed by mitochondrial photodamage in vivo. 32 At the time, there was no obvious mechanism to account for this finding. With regard to possibilities for malignant cell types to escape photokilling, a few possibilities are obvious. A review cited above has summarized many of these, 3 but newer information can now be taken into account. The vascular shut-down associated with PDT does not appear to be a likely site for PDT-resistance phenomena and is beyond the scope of this material. It has been postulated that PDT-resistant tumor cells tend to exhibit an elevated capacity for autophagy. 33 This would lead to scavenging and recycling of damaged organelles, e.g., mitochondria, before pro-apoptotic molecules could be released. Cells defective in elements of the apoptotic process could exhibit PDT resistance. As noted above, ATG7 is required for release of apoptogenic proteases from lysosomes. Loss of ATG7 could therefore both promote PDT responses via the loss of the cytoprotective process of autophagy, but also reduce efficacy of PDT directed against lysosomes.
Agostinis' group have identified a collection of signals that can influence the outcome of photodynamic processes. [34] [35] [36] Oleinick's group had identified similar influences on PDT efficacy in cell culture in earlier studies. 37 Girotti has explored the ability of nitric oxide, generated as a response to stress pathways, to have a cytoprotective effect. 38 Many other such responses to PDT have been identified although their role as determinants of clinical responses is unknown.
The major detriments to PDT efficacy in the clinic may be related to lack of appropriate oxygenation levels, poor drug distribution or light penetration. While it is possible to generate 'PDT-resistant' cells, the level of resistance appears to be far less than what can be obtained with chemotherapy where lines resistant to 1000-fold increased levels of drugs have been reported. 39 There may be rare instances of genetic factors involved in failures of PDT responses but to date the major factors remain hypoxia and/or inadequate numbers of photons of the appropriate wavelength reaching sites of photosensitizer accumulation. The most relevant factor in PDT responses may be the capacity for autophagic responses. Loss of autophagy-associated factors could affect photokilling involving lysosomal targets. Accelerated autophagic responses appear capable of limiting efficacy of photosensitizers. Since autophagy is dependent on functional lysosomes, the lysosome does become a tempting target for optimal PDT efficacy. In this context, it should not be forgotten that targeting of the tumor vasculature by PDT remains a potent route to cancer control, as is pointed out in Ref. 25 .
Cell culture systems involving exploration of cell death processes do not always reflect what is pertinent in animal tumor models or in the clinic. There have recently been some studies in 3-dimensional models that more closely mimic the microenvironment of malignant cell lines and may offer additional advantages when attempting to translate studies done on 2D cultures to clinical relevance. For example, we had shown that a protocol involving a high drug dose, using the photosensitizer BPD could suppress the cytoprotective effects of autophagy; coupled with a correspondingly reduced light dose, this protocol promoted PDT efficacy on 2D culture. 13 But this procedure was ineffective in a 3D model, 40 a result likely related to the poor transmission of light through tissues containing a photosensitizer with a very substantial extinction coefficient.
The latter study provides an introduction to a newer approach to exploration of factors and determinants relating to PDT efficacy. While studies on monolayers of cells in 2D culture have been useful in assessing sub-cellular photosensitizer localization, modes of photokilling, protective effects than can be elicited and down-stream consequences, it is true that the microenvironment of the tumor cell is not well maintained in such models. Some approaches to more closely mimicking the in vivo situation have involved studies on 3D and microfluidic models. [41] [42] [43] The goal is obtaining information by techniques that would be difficult to apply to whole-animal or clinical studies. While outcomes may suggest means for enhancing the antitumor effects of photodynamic therapy, an evaluation of relevance will come from translational research involving clinical experimentation. ******************************************************* Figure legends 
